Photodynamics of individual fluorescence molecules has been studied using an aperture-type near-field scanning optical microscope with two channel fluorescence polarisation detection and tuning fork shear-force feedback. The position of maximum fluorescence from individual molecules could be localised with an accuracy of 1 nm. Dynamic processes such as translational and rotational diffusion were observed for molecules adsorbed to a glass surface or embedded in a polymer host. The in-plane molecular dipole orientation could be determined by monitoring the relative contribution of the fluorescence signal in the two perpendicular polarised directions. Rotational dynamics was investigated on 10 ms-1000 s timescale. Shear-force phase feedback was used to obtain topographic imaging of DNA fragments, with a lateral and vertical resolution comparable to scanning force microscopy. A DNA height of 1.4 nm has been measured, an indication of the non-disturbing character of the shear force mechanism.
Introduction
The possibility to perform detection of single fluorescence molecules at ambient conditions and/or aqueous solutions, has awakened the interest of researchers from many different disciplines, including analytical chemistry, material research and biological sciences. Great advances have been achieved using ultrasensitive fluorescence detection methods combined with excitation in the optical diffraction-limited regime (far-field) [1] [2] [3] or in the * Corresponding author. near-field regime, using near-field scanning optical microscopy (NSOM) [4] [5] [6] . Of particular interest in bioscience, is the possibility of correlating biological functions with movement that is, translational and rotational dynamics.
Observation of translational diffusion at individual molecular level, has been achieved in the far field with a time resolution into the millisecond range, and with the molecules attached to a surface [7] , in gels [8] or aqueous solutions [9] . In the near field, the trajectory of individual molecules, embedded in a polymer matrix or adsorbed on glass, could be recorded during more than 1 h before photodissociation with the concomitant lower time resolution [6, 10] .
Rotational diffusion and the exact determination of the molecular dipole orientation, is similarly interesting because it is very sensitive to the molecular size and environment. Fluorescence anisotropy based upon rotational diffusion over ensemble measurements has been a widely used technique in biochemical research being particularly useful on the quantification of protein denaturation and protein-ligand association reactions [11, 12] . Recently, it has been used on the study of thermodynamic, kinetic and structural characteristics of singleand double-standard DNA [13] . At present, in the near field polarisation contrast techniques have shown the ability to distinguish between regions of different molecular dipole orientation [4, 14, 15] .
At a single molecular level, rotational dynamics has been monitored using excitation polarisation modulation using far-field techniques [16] . Since in this case, the molecules were widely dispersed over the sample surface, spatial resolution was not a requirement. In this respect, it is widely accepted that for many fundamental studies at single molecular level and where spatial resolution is not important, far-field techniques represent a better choice compared to near field because of its simplicity and lack of tip perturbations [5] . In most real samples, however, it is desirable to address chemical and biological problems at a denser surface coverage and with higher spatial resolution. In specific situations, it is also advantageous to excite the molecules in "snapshots", so that the observation time is prolonged before photo-dissociation occurs. The high spatial resolution, single molecule sensitivity and the ability to correlate optical information with topography information make this technique a powerful approach for the study of many biological systems in their ambient environment. Towards the goal of studying dynamic processes at the biomolecular level, we have extended our near-field scanning optical microscope with two polarisation channels and have improved our shear force sensitivity for molecular resolution topographical imaging. In this paper we show that polarisation contrast techniques, combined with near-field optics, allow to probe and follow rotational dynamic processes on a single-molecule basis. Molecular localisation with nanometer accuracy together with shear force imaging of DNA are also presented, illustrating the reliability and long-term stability of our microscope.
Experimental set-up and sample preparation
The experimental set-up is schematically shown in Fig. 1 . The NSOM was built into a Zeiss Axiovert 135 TV inverted optical microscope [17] . A near-field optical light source consisting of a tapered, aluminium-coated single-mode optical fibre (Newport F-SV) with an aperture of less than 100 nm was used to illuminate the sample. The 514 nm line from an Ar/Kr laser was used as the excitation wavelength and coupled into the coated fibre while the excitation power was adjusted to give about 3 nW at the end of the tip (as measured in the far field). The sample was scanned underneath the fibre and the fluorescence emission for the sample plane was collected with a 100;, 1.3 NA oil immersion objective and directed to the detectors. The fluorescence was filtered from the transmitted light using a long-pass filter ( '550 nm). A broad-band polarising beam splitter cube (Newport, 400-700 nm) was used to separate the fluorescence signal into two perpendicular polarisation components and were then directed to the detection channels. Photon counting avalanche photodiodes (APD, SPCM-100 from EG&G Electro Optics) were used as detectors. In the near-field operation the fibre aperture was confocally aligned onto the detectors. Shear-force feedback based on a tuning fork system [18, 19] was used to maintain a constant tip-sample separation and to generate high-resolution topographical images.
Background fluorescence from the fibre tip itself was minimised by keeping its length as short as possible (less than 15 cm length) and removing its plastic jacket. The detection efficiency of the optical path was optimised for maximum signal collection (collection efficiency was approximately 10%, including quantum efficiency of the APD detectors). Count rates between 10 to 10 counts/s per detector from a single molecule were obtained at a background signal of typically 300 counts/s per detector. By imaging a sample area of a few square microns approximately once every 10 min, the Fig. 1 . Schematic set-up of the aperture-type near-field scanning optical microscope (NSOM) with a metal-coated adiabatically tapered fibre. The scanning sample stage is mounted on top of an inverted optical microscope. Shear-force feedback using a tuning fork has been implemented to control the tip-sample distance separation. The fluorescence is collected in transmission using a high NA objective, subsequently split into two perpendicular polarisation directions using a polarising beam splitter and detected with two avalanche photodiodes (APD). molecules could be traced over more than an hour before photodissociation.
The single molecular fluorescence capability of our NSOM was complemented with improvements on the shear-force detection allowing molecular resolution topographical imaging. The shear force detection was implemented using a quartz piezo-electric tuning fork as a resonant sensor mounted to the fibre probe. The resonance frequency of the combined tuning fork -NSOM tip system was typically 32-34 kHz. The system was driven externally with an oscillation amplitude of approximately 15 pm peak-to-peak, corresponding to a few nanometers lateral displacement of the tip during normal operation, as a result of the system resonance amplification. The phase difference between the excitation signal and the tuning fork signal was detected and used as the feedback signal for the tip-sample distance regulation. In this way, by detecting the phase of the tuning fork response, the bandwidth of the feedback regulation was enhanced to a several hundred Hz [19] . During measurements, the phase set-point was chosen to be close to the out-of-contact value and the scan speed about 1 m/s, comparable to the integration time needed for single-molecule NSOM imaging. Additionally, three signals related to the shear force control are collected and used to generate three independent images, namely; the z-piezo signal which creates the topographic image, the residual phase signal beyond the feedback bandwidth, and the oscillation amplitude of the tuning fork-tip system.
Samples of rhodamine-6G (R-6G) (Molecular Probes, R-634) were prepared by directly spin coating a 5;10\ M solution of the dye molecules in methanol (Merck, 99.8%) on a clean 170 m thick glass cover slip. Samples of Carbocyanine (DiI-C ) dye molecules embedded in a thin polymethylmethacrylate (PMMA) layer were prepared in the following way: DiI (Molecular Probes, D-282) molecules were diluted in methanol to a final concentration of 5;10\ M. The dye solution was then added into a 0.5% weight PMMA in chloroform (Merck, 99.4%). A 10-20 l drop was deposited onto a freshly cleaned 170 m thick glass cover-slip and spin coated at 4000 rpm. The resulting layer thickness was between 5 and 10 nm with a surface coverage of typically a few dye molecules per square micrometer. DNA samples for shear-force imaging were prepared in the following way: 10 ng/ l of 600-800 bp long double-standard DNA fragments were diluted in 10 mM Hepes, pH 7.4, and 1 mM ZnCl , giving a final concentration of 1-5 ng/ l for deposition. A 10-20 l drop was deposited onto freshly cleaved mica. After letting the sample set for a couple of minutes, it was washed with water (0.5 ml of doubly distilled water from a squirt bottle) and briefly dried in a stream of compressed air before imaging. Fig. 2a-Fig. 2d shows four consecutive images of individual R-6G molecules adsorbed on a glass substrate. The image region is 1.5;1.5 m (100;100 pixels) and the integration time per pixel, 25 ms. The maximum signal on the molecules was &100 counts/pixel with a background signal of 15 counts/pixel. Individual R-6G molecules are clearly distinguished with a maximum signal-tobackground ratio better than 7. From our data, and taking into account molecules that do not show intensity fluctuations nor "blinking", the centre of intensity of the different molecules can be determined with an accuracy of approximately 1 nm [6] . Close inspection of the images reveals relative translational movement of some individual molecules over the glass surface. While some molecules appear to be well located and fixed at the sample surface from frame-to-frame (after compensation for the instrumentation drift), some other molecules show translational trajectories up to 100 nm in a time span of 10 min. As an illustration we show in Fig. 2 molecule 1 which appears to move randomly with respect to molecule 2, which remains fixed on the sample surface. The fact that molecule 1 moves in a random direction and does not show a preferential mobility along the horizontal scan direction suggests that tip-induced effects are not responsible for the observed translational mobility. Besides molecules 1 and 2, other molecules in the image do not seem to be stationary either, although their relative mobility is much lower than molecule 1. In fact, from our experiments we have observed that only a small percentage of molecules adsorbed to glass show some translational mobility.
Results and discussion

Single molecular fluorescence detection
As mentioned in the introduction, translational diffusion at the molecular level has been observed at different environmental conditions, and a lateral diffusion constant has been estimated in each particular system. The lateral diffusion constant changes orders of magnitude depending on whether the molecules are "free" in solution, with values between 10\ and 10\ cm s\ [8, 9, 20] , down to values of 10\-10\ cm s\ if motion is significantly restricted, as in the case of "immobilised" molecules by attachment to a surface [7, 10] . Accordingly, observation times have to correspond to the particular event to follow, i.e., in free-solutions fast temporal detection response on the millisecond scale is needed. In contrast, for molecules embedded in a solid host, time resolution is not a constrain but, observation times ought to be much longer. In our case, with molecules adsorbed to the glass substrate via hydroxyl groups, lateral motion was highly reduced. An estimation of the lateral diffusion constant rendered a value in the order of 10\ cm s\ [6] which is in agreement with recently reported values for molecules embedded in a polymer host [10] . Additionally, the ability to excite the molecules continuously for approximately 200 ms every 5 s per image, have allowed us to quantify the slow movement of the molecules before photodissociation.
We have also focused on the observation of single molecular rotational dynamics on a timescale of 10\-10 s before photodissociation occurred. As an example, we show in Fig. 3 sequential frame images of DiI molecules embedded in PMMA over the same sample region. The image region was 1.5;1.5 m (100;100 pixels) with an integration time of 15 ms per pixel. The signal maximum was approximately 100 counts/pixel and the background &5 counts/pixel, leading to a maximum signal-to-background ratio &10. The total time of observation until photobleaching of all molecules was approximately 65 min. We show in Fig. 3 some of the most relevant frames (identified by a number in the between of the images). In each measurement we collect two data sets, one for each fluorescence polarisation direction. Hence, the images on the left column have been obtained by detecting the 0°component of the fluorescence signal (respect to the line-scan direction) and the column on the right has been obtained by detecting the perpendicular contribution of the fluorescence signal. Rotation of the molecular dipole orientation is readily observable for molecules depicted as a and b. For instance, in frame 1, molecules a and b are present in both channels. Their particular molecular orientation can be determined by accounting for the relative contributions of the 0°and 90°detection channels: a rough estimation of 40°to 45°in-plane molecular orientation is obtained by calculating the arc tangent of the square root of the ratio of the measured maximum intensities of the molecules in the two detection channels. In frame 2, we presume that molecule b has rotated to the 90°d irection since no detected contribution in the 0°d irection has been observed, while molecule a preserves its relative molecular orientation as in frame 1. In frame 3, molecule b does not emit light in any of the channels, reappearing in frame 4 with a larger intensity as compared to frame 1. The same molecule is "off" again in frame 5 and finally emits fluorescence once more in frame 6 . Similarly, molecule a shows preferential rotation to the 90°polarisation detection channel in frames 3 and 4 and present in both channels during frame 5. Persistent non-emission of molecule a in subsequent frames suggests that the molecule has photodissociated. Finally, frame 7 shows the Not all molecules investigated with our NSOM show rotational activity. In fact, most of the molecules, especially the ones embedded in PMMA showed stationary dipoles with relative constant intensities in both detection channels. An example of a typical stable molecule is illustrated in Fig. 4a , where the maximum relative intensity on both channels is plotted for each frame image. Only minor fluctuations on the intensity (within the noise level) are observed. The sudden bleaching of the molecule is observed in frame 8. In contrast, Fig. 4b shows the intensity plot versus frame image of a different molecule that exhibits large intensity fluctuations and transitions between emitting and non-emitting states on a timescale of minutes. The large fluctuations in intensity and the sudden appearance/disappearance of the molecules can be attributed to out of the plane rotations and/or sudden changes in the molecular photophysics. In the first case, rotation of the molecular dipole out of the plane can occur, decreasing the overlap with the excitation and lowering the emission efficiency with maximum intensities obtained with the molecular dipoles lying completely flat on the sample surface, and parallel to the excitation. In the second case, the molecule would retain its orientation, but would undergo spectral fluctuations (probably induced by the local environment) driving the absorption spectrum away from the excitation laser wavelength [5, 16, 21] . More experiments are currently in progress to distinguish spectral jumps from rotational dynamics. From our results we have observed that both, translational and rotational activity together with possible spectral fluctuations are manifest at peculiarly long timescales, and indication of the influence of the local environment. NSOM affords the possibility to monitor these single molecular processes with high spatial resolution.
Shear-force imaging of DNA molecules
The possibility to perform single molecular fluorescence detection and ability to follow dynamic processes with high spatial resolution brought us to the aim of studying biomolecular events without invading the process itself. Our first goal has been to complement single molecular optical detection with single molecular topography imaging. Fig. 5 shows shear-force images of double-standard DNA fragments using a freshly pulled optical fibre tip. The images have been generated by using the zpiezo (a), residual error phase (b) and the rmsoscillation amplitude (c) signals. The contrast on these images are clearly understood by noticing that Fig. 5a corresponds to the topographic image, while Fig. 5b reflects the residual phase on the feedback control loop (see also line trace on Fig. 5d ). The negative contrast obtained in Fig. 5c shows the slight decrease of amplitude while scanning over the DNA fragments at constant phase and suggests a different kind of interaction between tip-mica and tip-DNA. The topographic image (a) shows clearly resolved strands, 200-300 nm in length, with a lateral width of 24$2 nm at half- height and a height of 1.4$0.2 nm, as inferred from cross-sections at the DNA filaments, depicted in Fig. 5d . While the lateral resolution is slightly worse compared to the case of scanning force microscopy (SFM) measurements, the DNA height is larger than the value of 0.5-0.7nm reported with SFM techniques [22] [23] [24] and much closer to the 2 nm expected for B-DNA in solution. The reduced DNA height in SFM imaging has been commonly attributed to indentation of the DNA [25] , adhesion effects by the contacting tip [26] and the dehydration of the DNA in the air-dried samples [27] . In our case, we believe that only dehydration may have played a role on the reduced measured height since the tip makes no physical contact with the sample. Furthermore, we did not notice any degradation nor incisions on the DNA strands even after repetitive scanning of the same area. These results suggest that shear force imaging is an interesting alternative technique for highresolution imaging of soft material and, in particular, for the study of DNA-protein interactions that require "loose" immobilisation of the DNA onto the flat surface. The lateral resolution will mainly depend on the residual lateral oscillation amplitude and the tip radius of the fibre probe, which can, in principle, be made down to a few nanometers [28] .
We have also performed imaging of DNA using a standard metal-coated NSOM tip. While the lateral resolution decreased slightly as a result of the grainy structure of the tip-end region, the vertical sensitivity remained the same. The measured DNA height was similar to the value obtained with an uncoated tip, i.e., 1.4$0.2 nm. These results are in contrast with recently reported values using the shear-force mechanism to image DNA and where a height of only 0.6 nm has been measured [29] . Real physical indentation of the tip to the DNA or adhesion artifacts may have played a role on the exact determination of the sample height, aside from dehydration effects.
Conclusions
Single-molecule fluorescence detection sensitivity has been demonstrated using a near-field optical microscope extended with a polarisation discriminating detection scheme. Fluorescence from individual molecules could be localised with a resolution of approximately 1 nm, due to the sub-diffraction limited resolution of NSOM. Slow dynamic processes such as translational and rotational diffusion were observed on molecules adsorbed to a glass surface or embedded in a PMMA layer. The in-plane molecular dipole orientation could be determined by monitoring the relative contribution of the fluorescence signal in two perpendicular polarised directions. Rotational dynamics was investigated on 10 ms-1000 s timescale. Shear force phase feedback was used to obtain topographic imaging of DNA fragments, with a lateral and vertical resolution comparable to SFM techniques. Because the shear force mechanism does not requires physical contact with the specimen, degradation of the sample is minimised, making of the technique an alternative tool for the investigation of molecular events without invasion or disruption of the process itself.
The technique offers several advantages compared to far-field optical microscopy: (a) NSOM imaging exhibits super resolution; (b) by virtue of the near-field source, the excitation volume is smaller, allowing higher molecular density and less bleaching of the surrounding; (c) topographical information from the shear-force feedback allows real space mapping of biological material with nanometric resolution without invasion of the specimen itself; (d) mapping and colocalisation studies can be performed at an individual molecular level due to the exquisite sensitivity of the instrument. Unfortunately, despite the promising advantages near-field can offer, one should bear in mind the compromises that have to be made in exchange: the disturbing character of the technique due to the presence of the tip in close interaction to the specimen. Additionally, heating effects close to the tip end might damage biological samples if the excitation intensity is not limited. This in turn reduces the possibility of observing fast dynamical events.
